Abstract. Net annual soil carbon change, fossil fuel emissions from cropland production, and cropland net primary production were estimated and spatially distributed using land cover defined by NASA's moderate resolution imaging spectroradiometer (MODIS) and by the USDA National Agricultural Statistics Service (NASS) cropland data layer (CDL). Spatially resolved estimates of net ecosystem exchange (NEE) and net ecosystem carbon balance (NECB) were developed. The purpose of generating spatial estimates of carbon fluxes, and the primary objective of this research, was to develop a method of carbon accounting that is consistent from field to national scales. NEE represents net on-site vertical fluxes of carbon. NECB represents all on-site and off-site carbon fluxes associated with crop production. Estimates of cropland NEE using moderate resolution (;1 km 2 ) land cover data were generated for the conterminous United States and compared with higher resolution (30-m) estimates of NEE and with direct measurements of CO 2 flux from croplands in Illinois and Nebraska, USA. Estimates of NEE using the CDL (30-m resolution) had a higher correlation with eddy covariance flux tower estimates compared with estimates of NEE using MODIS. Estimates of NECB are primarily driven by net soil carbon change, fossil fuel emissions associated with crop production, and CO 2 emissions from the application of agricultural lime. NEE and NECB for U.S. croplands were À274 and 7 Tg C/yr for 2004, respectively. Use of moderate-to high-resolution satellite-based land cover data enables improved estimates of cropland carbon dynamics.
INTRODUCTION
Estimating changes in annual terrestrial carbon fluxes can be conducted using county-level inventory data on land cover and land management, including data from the USDA Forest Inventory Analysis and the USDA National Agricultural Statistics Service (NASS). Houghton and Goetz (2008) recognized problems associated with county-level inventory data and emphasized the need for spatially mapped biomass for the quantification of carbon sources and sinks. Satellitederived land cover data and geographic information system technologies have been used in some cases to improve geospatial referencing of inventory data (Hurtt et al. 2001 , Tan et al. 2006 , Blackard et al. 2008 . Post et al. (2001) outlined technologies that can be used to improve estimates of terrestrial carbon fluxes, such as computer simulation models, satellite remote sensing, geographic information systems, and eddy covariance flux tower measurements.
Increased geospatial resolution of national carbon flux estimates enables comparisons between national, inventory-based estimates and temporally aggregated eddy covariance flux estimates. It is particularly important to refine the geographic location of terrestrial carbon fluxes for comparison to, and integration with, eddy covariance measurements since these measurements represent a spatially limited footprint around the flux tower (Finnigan 2004) . The Mid-Continental Intensive Campaign (Ogle et al. 2006) A primary goal of the research presented here is to develop methods for generating sub-county, inventorybased net carbon flux estimates for all croplands in the conterminous United States. Objectives include the (1) generation of geospatial data sets representing annual net ecosystem exchange (NEE) , similar to what might be measured from an eddy covariance flux tower (Fig. 1) , and (2) generation of geospatial data sets representing net ecosystem carbon balance (NECB) for each cropland-delineated grid cell in the United States. Estimates of NECB represent total net carbon fluxes associated with the management of land in each spatial grid cell, whereas NEE represents only vertical carbon fluxes occurring within the boundaries of each grid cell. In this paper, we (a) outline methods for integrating land management data with satellite-derived, land cover data to increase geospatial resolution of net carbon flux estimates; (b) provide national estimates of NEE and NECB for U.S. croplands spatially resolved to ;1 km 2 ; and (c) compare measurements of NEE to finer spatially resolved estimates (30-m resolution) and to site-specific estimates of temporally aggregated eddy flux measurements from two long-term eddy flux sites in Illinois and Nebraska. et al. (2006) define NEE and NECB for carbon fluxes derived from the photosynthetic uptake of carbon (i.e., fossil fuel emissions are not included). We included on-site fossil fuel emissions in estimates of NEE to represent net CO 2 exchange from the entire agricultural system. Calculation of NECB includes on-site fossil fuel emissions and up-stream emissions to derive estimates that reflect the total net impact of ecosystem management on net carbon fluxes. We maintain the same sign convention for NEE and NECB: positive flux is carbon release to the atmosphere and negative flux is carbon uptake from the atmosphere. We define annual NEE as
METHODS

Carbon accounting methods and terminology
Chapin
where gross primary productivity (GPP), autotrophic respiration (Ra), heterotrophic respiration (R h ), on-site fossil fuel (C of ) CO 2 emissions, and CO 2 released from the application of lime (C l ) represent carbon fluxes to the atmosphere. Net ecosystem carbon balance is defined as
where C gr is harvested grain carbon and C uf is off-site or upstream emissions associated with production of crop management inputs (e.g., fertilizer). Our use of C of and C gr correspond to C ag and C gr used by Bernacchi et al. (2005) in their estimates of net biome production. The definition of NECB used here is similar to that of net carbon flux defined by West and Marland (2002a) .
Geospatial delineation of cropland management
Spatially distributing inventory data to where it most likely occurs provides enhanced data sets valuable for analyses of ecosystem dynamics and natural resource management. Some examples include (1) estimating the approximate location of carbon fluxes, (2) estimating the approximate location of available crop residues for use in transportation optimization models (Graham et al. 2000 , Noon et al. 2002 , and (3) estimating the approximate location of crops, nitrogen fertilizer applications, and other crop inputs for use in watershed modeling of soil erosion, nutrient runoff, and water quality.
FIG. 1. Estimated cumulative net ecosystem exchange (NEE) measured by an eddy covariance flux tower over a corn/soybean rotation using a no-till method in Bondville, Illinois, USA, from 1997 to 2007. Values of carbon in harvested grain (C gr ) and from fossil fuels used in agricultural machinery (C f ) are based on data from Bernacchi et al. (2005) .
It is sometimes cautioned against using inventory data to represent subcounty information, because spatially distributing inventory data may increase uncertainty in the data. For example, mean crop yields are representative of a county, but it is not known how well they represent a particular crop field. We argue the opposite here. In fact, we know that mean yields do not occur in every location within a county (Fig. 2a) , but occur on cropland fields only (Fig. 2b) . As satellite-based land cover data improve, mean county yields can be mapped to crop fields that grow the respective crop (Fig. 2c) . This method does not compromise the mean countylevel data; it merely places these data where they are most likely to occur. This method can be used with inventory data that provide information on past and current land use or with data output from agricultural, economic, or land use change models that estimate future land use. Cova and Goodchild (2002) document four possible relationships between data fields and objects, including ''one-to-many'' and ''many-to-many.'' We implement this theoretical concept of object-field relationships in our approach using the NASS county inventory data (USDA 2008a), for example, by linking one mean yield to many respective crop fields and by linking two mean yields (in the case of double-cropping systems) to many respective crop fields. We use a relational database to store georeferenced objects and corresponding data fields ( Table 1 ). The relational database serves as a computational environment for automated object-field construction and for analysis of land use change and carbon flux estimates.
The method of spatial distribution employed depends on objectives of the intended analysis. Inventory data can be spatially distributed by two methods: (1) maintaining total land area from the initial inventory data or (2) maintaining land area in the satellite-based, land cover data. Maintaining inventory land area, again using NASS county crop production data as an example, means that total inventory crop production per county is maintained throughout the distribution process. West et al. (2008) implemented this first method by modeling changes in soil carbon associated with crops and tillage intensity, with final results distributed to respective land cover categories. In method 1, total production from the inventory data is divided by total respective cropland area in the satellite-based, land cover data to obtain a mass per unit area, which is then distributed to the respective land cover classes. In method 2, yields (mass per unit area), as opposed to total production (mass per county), from inventory data are distributed to respective land classes as a weighted fraction of all crops included in the particular land class. Method 1 is useful for national analyses and for maintaining the integrity of national inventory data. Method 2 is useful when the geospatial realization of regional or site-specific estimates are more important than maintaining total land cover area consistent with national inventory data.
In our analysis, we employ method 2 using a weighted distribution with NASA's moderate resolution imaging spectroradiometer (MODIS) level 4 land cover (MOD12Q1), plant functional type (PFT) classification for ;1-km resolution national estimates and using a direct, non-weighted distribution with the USDA NASS cropland data layer (CDL) for 30-m resolution estimates in Illinois and Nebraska, USA. The MODIS PFT classification was available (at the time of this analysis) for [2001] [2002] [2003] [2004] . We use the CDL product from the period 2001-2004 to (1) evaluate the use of higher resolution land cover data with the use of MODIS and to (2) obtain higher resolution carbon flux estimates for comparison with eddy covariance flux tower estimates in Illinois and Nebraska. The CDL product was classified using primarily Landsat data up to and including 2005, after which it is based on the Indian Remote-Sensing, Resourcesat-1, Advanced Wide Field Sensor (USDA 2008b).
Crop production, harvest, and land area
The NASS Quick Stats (USDA 2008a) provide mean crop yields per county per year. These yield estimates can be used to estimate net primary production (NPP) by converting units of mass to a standard unit (kilograms), converting to dry matter, and multiplying by a carbon content factor of 0.45 (Brady and Weil 1996) . Yield estimates are divided by the harvest index to estimate total aboveground biomass. Aboveground biomass is multiplied by a root : shoot ratio to estimate belowground biomass. Summing above-and belowground biomass provides an estimate of total NPP (in kilograms C per year). This method follows approaches used by Prince et al. (2001) , , and . Factors used to derive NPP from NASS county yield data for this analysis are provided in Table 2 . This method is useful for estimating changes in above-and belowground biomass over time (Bradford et al. 2005 ) and can be useful to multiple efforts within the North American Carbon Program, as previously suggested by . In this analysis, NASS-derived NPP serves as the estimate for annual net carbon uptake by crops, and carbon content in the yield fraction represents carbon removed from cropland fields. Data on the amount of carbon associated with all NASS commodities is maintained in a relational database for distribution to respective crop categories in the satellite-derived land cover data.
The NASS-derived NPP per area estimates were distributed to MODIS PFT and CDL land areas and were compared to the MODIS NPP product (MOD17A3) for the state of Illinois (Fig. 3) . The NASS-derived NPP estimates on a per area basis, distributed to MODIS PFT and CDL land areas, differed minimally due to weighting and distribution of yields to the broader MODIS PFT land cover categories (Fig. 3a) . Estimates of NPP were extracted from the Crops included in the subsequent and respective ''all'' categories, but included separately because they can be georeferenced in the CDL separately. Alfalfa hay, for example, is already included in the ''Hay, all'' category, and it is not double-counted in our distribution method or analysis.
MODIS NPP product according to MODIS PFT and CDL land areas, and these estimates indicate that MODIS NPP underestimates cropland NPP, particularly in the case of broadleaf (e.g., corn and soybean) crops (Fig. 3a) . Turner et al. (2006) found that MODIS NPP tends to underestimate NPP for high-productivity areas, particularly agricultural areas with fertilized crops. Also, light use efficiency of corn and soybean are significantly different, and this causes difficulty in satellite-based monitoring of NPP because these two crops occur in close proximity to one another throughout the midwestern United States (Turner et al. 2007) . Total NPP for Illinois (Fig. 3b) is greater for estimates using the MODIS PFT land areas, because MODIS PFT tends to overestimate cropland area compared to the CDL. Considering the aforementioned comparisons, we use FIG. 3 . Comparison between USDA National Agricultural Statistics Service (NASS)-derived net primary production (NPP) distributed to land cover classes in the cropland data layer (CDL) and to NASA's moderate resolution imaging spectroradiometer (MODIS) land cover, plant functional types (PFT); and MODIS NPP distributed to the CDL and to MODIS PFT for Illinois using 2004 inventory and remote sensing data. Comparisons were conducted between (a) mean NPP per hectare and (b) total annual NPP for Illinois. Land cover classes (i.e., crop species and grasses) in the CDL were aggregated to MODIS PFT classes for comparison (see Table 1 for corresponding land cover classes). the NASS-derived NPP estimates and distribute these estimates to national MODIS PFT land areas for national analyses and also distribute these estimates to CDL land areas for regional or site-specific analyses where the CDL product is currently available. We note that research by Doraiswamy et al. (2007) that generated yield curves for individual crops per state using the MODIS normalized difference vegetation index (NDVI) offers a promising improvement to our methodology here, once it is applied to major crops (see Table 2 ) and is completed for all states.
Emissions from fossil fuel consumption
Fossil fuel emissions associated with cropland production include on-site emissions from agricultural machinery and off-site emissions from the production and transport of agricultural inputs (e.g., fertilizers and pesticides; Marland 2002b, Nelson et al. 2009 ). For estimates of NEE, we include only on-site emissions, because we are interested only in the on-site net carbon flux occurring within the satellite-derived, land cover classes. For estimates of NECB, we include on-site and off-site emissions. Nelson et al. (2009) estimated production inputs and associated on-site CO 2 emissions for nine major crops at the county scale across the United States, consisting of corn (Zea mays L.), soybean (Glycine max L.), wheat (Triticum aestivum L.), sorghum (Sorghum bicolor L.), barley (Hordeum vulgare L.), oat (Avena sativa L.), rice (Oryza sativa L.), cotton (Gossypium spp.), and hay (e.g., Poaceae, Gramineae). These crops represent 96% of total U.S. crop production and are used here at the commodity level, as opposed to county level, for distribution to crop categories in the land cover data. In addition to fossil fuel emissions from cropland production inputs, this analysis also includes estimated CO 2 emissions from the application and dissolution of agricultural lime McBride 2005, USEPA 2008 ) for distribution to subcounty cropland fields. West et al. (2008) estimated annual changes in soil carbon based on crop species, land management, soil attributes, and regional mean climate regimes. This approach is based on a transparent carbon accounting method using multiple, national land management data sets. Estimates of soil carbon change calculated in this analysis use the same method as West et al. (2008) . Estimates of soil carbon change and estimates of fossil emissions from cropland production are both linked with NASS inventory data, providing consistency among data sets for crop species and crop management.
Soil carbon change
Estimates of soil carbon change in both grassland and cropland ecosystems are likely the most uncertain variable in our analysis. Modeled estimates are based on numerous field experiments that monitor changes in soil carbon with changes in management Post 2002, Ogle et al. 2005) . However, new field data continue to be generated, and revised analyses of these data may be warranted.
Net ecosystem exchange and net ecosystem carbon balance
Net ecosystem exchange is defined as the net exchange of carbon dioxide between ecosystem and atmosphere, and it can be measured on regular intervals using eddy covariance methods. Site-level estimates of annually aggregated NEE from eddy flux tower measurements have been developed for corn/soybean rotations in Bondville, Illinois and Mead, Nebraska (Verma et al. 2005 , Grant et al. 2007 ). Estimates of NEE are made here for each 1-km 2 area of cropland in the United States using existing inventory data with spatial distribution methods, previously described in Methods: Geospatial delineation of cropland management. Annual NEE is estimated as the sum of net soil carbon change, fossil emissions, dissolution of agricultural lime, uptake of crop carbon, and decomposition of above-and below-crop carbon. Estimates of NEE do not include the oxidation of harvested crop products that occur outside crop field boundaries. Estimates of NEE include all crops listed in Tables 1 and 2 , although fossil carbon emissions and soil carbon change are only available for the aforementioned nine major crops included in the fossil carbon analysis conducted by Nelson et al. (2009;  see Emissions from fossil fuel consumption).
Adding C gr and C uf to NEE provides an estimate of NECB. Net ecosystem carbon balance accounts for crop carbon uptake and release, essentially canceling out crop carbon dynamics and leaving only annual changes in soil and annual fossil fuel emissions. It is for this reason that carbon accounting methodologies for croplands (West Using our geospatial method, all carbon fluxes are accounted for in the same year the crop was harvested. However, we note here that a significant fraction of corn residue deposited in a corn/ soybean rotation can decompose in the subsequent year (Grant et al. 2007) , resulting in depressed NEE estimates for corn years and augmented NEE estimates for soybean years. All carbon fluxes, including upstream energy use (C uf ) and off-site release of carbon (C gr ), are attributed to the crop field (i.e., geospatial grid cell) on which the crop was produced. Using this method, net carbon balances associated with each cropland field can be estimated on an annual basis. This same method can be used for geospatial estimates of life cycle analyses associated with the production and use of land-based resources. 
RESULTS
National estimates of cropland NEE were developed using MODIS PFT cropland delineation for each ;1-km 2 (926.6 3 926.6 m or 85 ha) grid cell (Fig. 4) . These has three broad agricultural categories. This is particularly important for delineating fluxes from corn and soybean fields across the midwestern United States.
Estimates of NEE for Illinois using the CDL were on average 3 and 8 Tg C/yr less than the county-based and MODIS-based flux estimates, respectively (Fig. 6 ). This is due to increased estimates of broadleaf and cereal cropland areas using MODIS land cover data relative to land area estimates delineated by the CDL or by the NASS county inventory data. Total cropland area estimated by NASS county inventory data, CDL, and MODIS for Illinois in 2004 was 9.4, 8.4, and 11.8 million ha, respectively. Estimates of NEE for Illinois from 2001 to 2004, using land area delineation from MODIS PFT, CDL, and NASS inventory data, were compared to NEE measurements from an eddy flux tower in Bondville, Illinois . Estimates of NEE using the CDL provide improved crop-specific carbon fluxes compared to estimates of NEE based on MODIS land cover (Fig. 7) . For example, corn crops result in a larger annual carbon drawdown than soybean crops, and this trend is apparent when integrating the CDL with carbon accounting methods (Fig. 8) . Correlation between annually aggregated flux tower measurements for Bondville and estimates based on CDL, MODIS, and county-level inventory data are, respectively, r 2 ¼ 0.918, 0.223, and 0.217. Similar trends are found when comparing our inventory-based NEE estimates with annually aggregated flux data from two crop fields in Mead, Nebraska. These fields represent irrigated maize/ soybean rotation and rain-fed maize/soybean rotation (Verma et al. 2005 , Grant et al. 2007 ). Carbon accounting using the CDL registers the maize/soybean rotation signal better than MODIS, particularly for the irrigated cropland field (Fig. 9) . Correlation between the annual flux tower estimates and estimates based on the CDL, MODIS, and county-level inventory data are, respectively, r 2 ¼ 0.736, À0.494, À0.501 for the combined maize/soybean rotations.
Estimates of NECB include emissions occurring within and outside of the farm field boundaries. Offsite emissions include grain harvested and respired to the atmosphere and the upstream emissions associated with crop production. All fluxes are attributed to the original crop field in the respective grid cell. Accounting of NECB thereby results in a spatial distribution of cropland management practices and associated net carbon fluxes (Fig. 10) . The quilt pattern in Fig. 10 is due to county-level management data. This pattern becomes more prominent as counties exhibit a higher spatial density of cropland cover. There exist areas throughout the United States with negative net carbon fluxes or where accumulation of soil carbon is greater than agricultural fossil fuel emissions (Fig. 10) . Carbon sources and sinks can change annually based on changes in cropland management. Increases in soil carbon, estimated from the period 1990-2004, were the primary driver for reduced net carbon emissions to the atmosphere from U.S. croplands (Fig. 11) . Increases in soil carbon were due primarily to increased adoption of conservation tillage and no-till practices (CTIC 2004) . Total NECB for U.S. croplands in 2004 is estimated at 7.2 Tg C. This indicates that total emissions from U.S. croplands offset total estimated soil carbon sequestration.
DISCUSSION
Our results indicate that an integration of inventory data and satellite-based land cover data produce improved geospatial estimates of NPP for cropland ecosystems compared with either data source used independently. The MODIS land cover data can be used for national and aggregated crop estimates that do not require site-specific accuracy; the CDL can be used for regional and site-specific estimates. While the CDL does not yet represent national coverage, the 2008 version of the CDL represents 92% of corn, 91% of soybeans, 66% of cotton, 70% of wheat, and 82% of rice planted in the United States. Wall-to-wall national coverage is planned for 2010, thereby reducing the need for weighted average distributions of yield, emissions, and management data.
Our method for estimating NEE is useful for regional and site-specific comparisons. While this method provides an improved spatial representation of carbon fluxes from U.S. cropland fields, there remain some accounting methods that can be improved and that require caution when interpreting the results. First, sitespecific comparisons are not expected to be an exact match to atmospheric measurements, because we do not account for fluxes of methane, leaching of dissolved organic carbon, or carbon emissions from fire. Second, estimates of NEE include NASS-derived NPP estimates and consider decomposition of residue to occur the same year that the crop is planted and harvested. This causes discrepancies between our carbon accounting method and the aggregated flux tower measurements. This discrepancy is exemplified in Fig. 9 with a positive flux FIG. 11 . Estimated (a) annual net ecosystem carbon balance and (b) cumulative net ecosystem carbon balance. Carbon uptake and release, via photosynthesis and decomposition, are assumed to occur in the same year for accounting purposes and, therefore, have no net impact on net ecosystem carbon balance. Positive and negative values represent carbon fluxes to and from the atmosphere, respectively. tower estimate in the 2004 irrigated maize/soybean rotation, which is likely due to decomposition of corn residue that was produced in the previous year. Finally, abrupt breaks in NEE and NECB estimates sometimes exist along state boundaries and are associated with inventory or survey data. Discontinuity in inventory data can be addressed in future analyses by using novel techniques for gap-filling of crop inventory data (Lokupitiya et al. 2007 ).
Our analysis is not intended to provide an understanding or comparison of the hourly or weekly fluxes between mechanistic, plant physiological models and eddy flux measurements. It is instead intended to develop spatially resolved estimates of NEE using transparent carbon accounting methods that coincide with national inventory data and are calculated in a manner that represents on-site carbon dynamics as measured by an eddy flux tower. It is an attempt to compare and reconcile different approaches to estimating terrestrial carbon dynamics.
While estimates of NEE are useful for comparison to atmospheric measurements and for use within atmospheric transport models, estimates of NECB are useful for estimating regional and national net changes in carbon flux based on agricultural management. These estimates indicate where soil carbon accumulation is offsetting fossil fuel emissions and vice versa. These estimates indicate whether the ecosystem management or land use results in a net carbon source or sink, and this is useful from carbon accounting and regulatory perspectives.
CONCLUSIONS
A framework has been developed and described here for estimating NEE and NECB from U.S. agricultural practices at a subcounty scale, based on available inventory data and satellite-derived land cover data. This framework provides the means to evaluate carbon dynamics associated with crop species in a spatially explicit manner.
Integration of inventory data, land cover data, and carbon modeling can provide enhanced geospatial information and data sets that are critical to many analyses in the natural resources science and policy disciplines. Data integration occurring at less than 1-km resolution and at the national scale benefits from the use of relational databases to handle geospatial data before, during, and following data processing. Spatial distribution of data helps in two primary manners: (1) to spatially align environmental and crop management factors that together provide input to carbon cycle models and (2) to spatially locate carbon fluxes for comparison of flux methodologies and for policy purposes.
Estimates of NEE are provided for comparison to eddy flux and atmospheric measurements. As expected, NEE is most negative in the U.S. corn belt where estimates of NPP and harvested biomass are high, relative to other crops. Estimates of NEE are greatly improved, using the CDL for cropland and crop species delineation. Use of the CDL in carbon accounting of croplands enables georeferenced estimates of carbon dynamics associated with annual crop rotations that would otherwise not be possible. Estimates of NECB for U.S. croplands provide an indication of which crops and management practices are contributing to carbon sources and sinks and where the sources and sinks are located.
